Synopsis We utilize a novel, transgenic cell-labeling system to assess the embryonic derivation of cartilages in the postmetamorphic skull of anuran amphibians. Many of these cartilages form de novo at metamorphosis and have no obvious precursors within the larval skeleton. Most adult cartilages are derived from mandibular-or hyoid-stream neural crest, either individually or in combination; branchial-stream neural crest makes a modest contribution. Each stream also contributes to at least one cartilage in the middle ear or external ear. Four cartilages are composite elements; each is derived from at least two distinct cell populations. Many boundaries between adjacent neural-crest territories are cryptic insofar as they do not coincide with anatomical boundaries. The system of adult cranial segmentation revealed by these fate-mapping results differs in important respects from both the segmentation of the ontogenetically earlier larval skull and the cranial segmentation in amniotes. Most striking is the rostral ''inversion'' of neural-crest-derived cartilages in Xenopus, such that mandibular stream-derived elements are deployed caudal to those derived from the hyoid stream, which predominate anteriorly. This novel pattern of rostral segmentation may be a consequence of the complex, biphasic life history that is characteristic of most species of living amphibians, and especially anurans, in which cranial architecture is significantly reconfigured at metamorphosis. Neural-crest derivation of the vertebrate skull is not invariant; instead, embryonic derivation of individual components of the cranial skeleton may vary widely among species.
Introduction
Arguably there is no more ''classical'' a topic in anatomy and evolutionary biology than segmentation of the vertebrate head (Hanken and Hall 1985) . Early theories and accounts of head segmentation focused on the bony adult skull and its possible correspondence to modified vertebrae (Owen 1866; Gegenbaur 1872; reviewed by de Beer 1937; Jollie 1977) . These treatments were subsequently expanded to include other skeletal and non-skeletal tissues in both adults and embryos (Goodrich 1930; Bjerring 1967) , and such analyzes continue to the present day (Kuratani 2003 (Kuratani , 2005 Kuratani and Ota 2008 ). Yet, despite intense study of this problem by many of the foremost developmental biologists and anatomists of the last 200 years, a comprehensive understanding of head segmentation in any vertebrate species remains elusive. Even further from our grasp is characterization of the extent to which head segmentation may vary across vertebrate phylogeny or in response to adaptation for cranial function or for organismal life history.
The nature and extent of segmentation of the vertebrate skull has been especially difficult to resolve, particularly in adults, largely because of the paucity of fundamental data regarding the embryonic origin of the two primary cranial-skeletal tissues, cartilage and bone (Gross and Hanken 2008) . Whereas a significant literature extending back more than a century has successfully revealed the derivation of much of the cartilaginous viscerocranium (pharyngeal-arch skeleton) from embryonic neural crest (Platt 1893; Landacre 1921; Stone 1926 Stone , 1929 Hörstadius 1950; Chibon 1967; Sadaghiani and Thiébaud 1987) , comparable mapping of the derivation of adult cartilages and bones from neural crest or from cranial mesoderm has only been achieved much more recently (Johnston et al. 1973; Le Lièvre 1978; Noden 1984; Couly et al. 1993; Köntges and Lumsden 1996; reviewed by Le Douarin and Kalcheim 1999; Morriss-Kay 2001; Jiang et al. 2002; Gross and Hanken 2008) . The latter studies, at present limited to the two primary amniote models, mouse and chicken, were enabled by the application of novel methods for long-term labeling of embryonic cell populations and reliably tracing their contributions to the adult skeleton (Le Douarin and Barq 1969; Noden 1984; Chai et al. 2000) . Ironically, until very recently such methods have not been available for amphibian models, which were the predominant subjects of early fate-mapping studies (see references above). Consequently, to date, there is almost no direct, empirical evidence of the embryonic derivation of adult cartilages and bones in amphibians, many of which form de novo at metamorphosis and have no obvious precursors within the larval skeleton (Carl et al. 2000; Gross and Hanken 2004 , 2005 Pugener and Maglia 2007) .
Here, we present new data regarding the longterm contributions of cranial neural crest to the persistent cartilages of the post-metamorphic skull of the clawed frog, Xenopus laevis. We utilize a standard technique for grafting pre-migratory streams of cranial neural crest in embryos in combination with a novel transgenic line of frogs, which provides a permanent and reliable cell label that is effective for tracing the embryonic derivation of adult structures that may not form until days, weeks or even months after hatching (Borchers et al. 2000; Gross and Hanken 2004; Gross et al. 2006) . In combination with additional data regarding the long-term contributions of cranial neural crest to the adult osteocranium (Gross and Hanken manuscript in preparation) , these results provide insights into the pattern of segmentation of the adult skull of anurans, which differs in significant respects from the segmentation of the earlier larval skull and from the segmentation of the skull in amniotes.
Methods

Neural-crest grafts
We grafted ''labeled'' explants of premigratory cranial neural crest from transgenic (ROSA26:GFP) donor embryos into unlabeled, stage-matched, wildtype hosts following established procedures Hanken 2004, 2005; Gross et al. 2006) . A given explant contained neural crest that contributes to a single cranial migratory stream-mandibular, hyoid, or branchial-as determined in previous studies (Olsson and Hanken 1996; Hanken 2004, 2005) . Two sets of grafts roughly three months apart were performed using labeled offspring from the same transgenic F o female founder. Both this female and a wild-type (non-transgenic) adult female were primed to mate with simultaneous injections of 500 ml of human chorionic gonadotropin (Sigma Aldrich, St. Louis, MO, USA). To obtain stage-matched donors and hosts, in vitro fertilizations of transgenic and non-transgenic eggs were performed simultaneously using sperm from a single, wild-type male. In the ROSA26:GFP transgenic strain, the GFP construct is widely expressed in all cell types examined, at all stages of the life history (Gross et al. 2006) . We used only the most brightly fluorescing embryos as donors.
Embryonic grafts were carried out in Modified Barth Saline (high salt) Solution (MBSH; Sive et al. 2000) . Each graft was performed unilaterally, on the right side. A small portion of the neural crest was removed from a wild-type host embryo and replaced with a similar-sized graft from the corresponding region from a transgenic donor (Gross et al. 2006) . In each case, only neural crest was removed, leaving the overlying ectoderm intact. Before and after surgery, embryos were reared at room temperature in 0.1 Â Marc's Modified Ringer's solution (MMR; Sive et al. 2000) . Accuracy of each graft was assayed the following morning; duration of fluorescence exposure was minimized to avoid potential damage from UV irradiation. After about 1 week, the nowtadpoles (approximately NF stage 42; Nieuwkoop and Faber 1994) were again briefly illuminated to verify which neural-crest migratory stream was labeled with ROSA26:GFP-expressing cells.
A separate series of grafting experiments using fluorescent-dextran-labeled donor embryos and explants was performed in parallel to the transgenic grafts to verify the accuracy and specificity of the grafting procedure, which otherwise was identical to that described above. These experimental animals were sacrificed at day 5 (approximately NF stage 41) and assayed to confirm the presence of labeled cells in the cartilaginous larval viscerocranium. Results (data not shown) were identical to those of earlier studies regarding both the overall extent of the neural crest's contribution to the anuran viscerocranium and the stream-by-stream derivation of individual cartilages (Stone 1929; Sadaghiani and Thiébaud 1987; Olsson and Hanken 1996) . This includes absence of labeling in the basibranchial (or ''cupola''), an unpaired cartilage in the ventral midline that shows no evidence of neural-crest derivation and instead is presumed to be derived from cranial mesoderm.
Animal husbandry and rearing
Tadpoles were reared in groups according to the type of cranial neural-crest explant and to the labeled migratory stream(s) as determined above. For example, the ''mandibular'' group was derived from embryos that received grafts of premigratory mandibular crest and which expressed GFP exclusively in the mandibular stream. Some explants contained neural-crest cells that populated (and labeled) two adjacent migratory streams; the corresponding tadpoles were also maintained separately, e.g., ''mandibular þ hyoid'' group.
Each group was reared in a separate 8-gal tank that received fresh 10% Holtfreter solution filtered through a carbon filter, mechanical filter and biofilter (Marine Biosystems, Beverly, MA, USA). Time to metamorphosis varied among individuals, and there was some attrition within each group between the time of grafting and the completion of metamorphosis. When possible, experimental animals were reared for 10-12 weeks, by which time all individuals had completed metamorphosis (NF Stage 66) and ossification of nearly all skull bones had begun (Trueb and Hanken 1992 (pH 7.4-7.6 ) at 48C. The following morning, they were rinsed completely in fresh PBS (pH 7.4) and stored in PBS at 48C until processing.
Histological processing and staining
Following fixation and rinsing, each specimen was processed to remove the skin and soft tissues that surround the cranium. The skull was carefully separated from the vertebral column and carefully dissected clear of remaining soft tissues (e.g., muscles, connective tissue) while leaving all skeletal tissues intact. It was then placed in Optimal Cutting Temperature (OCT) cryomedium and frozen in a plastic mold at À808C. Frontal sections (16-20 mm) were cut on a Leica CM 3050S cryostat, collected onto VWR Superfrost slides, allowed to dry for 1 h at room temperature, and then frozen at À808C until antibody staining. Successive sections were collected and processed in three sets, or series. Set 1 was processed for normal indirect immunohistology using a polyclonal, anti-GFP antibody. Set 2 (control) was processed with no secondary antibody. Set 3 was processed for bone and cartilage using a TriChrome staining protocol (Presnell and Schreibman 1997) .
All antibody staining used the following protocol: 2 h, room-temperature block in 5% normal goat serum in PBS þ 0.1% Triton X-100, then primary antibody incubation overnight (14-18 h) at 48C (Rabbit anti-GFP; Torrey Pines Biolabs, Temecula, CA, 1 : 500; and/or Abcam Antibodies, Cambridge, MA, 1 : 1000), followed by several rinses in PBS þ 0.25% Triton X-100 at room temperature for 4-6 h.
Secondary antibody was diluted 1 : 500 in PBS þ 0.1% Triton X-100 and incubated overnight at 48C (goat anti-rabbit Alexa 488; Probes, Eugene, OR, USA). The following morning, slides were rinsed several times in PBS þ 0.25% Triton X-100 at room temperature for 4-6 h. They were then incubated for 10 min in Hoechst 33,342 nuclear counterstain (Probes, Eugene, OR, USA) in PBS þ 0.25% Triton X-100 and mounted with a glass coverslip using Fluoromount G (Southern Biotech, Birmingham, AL, USA).
Trichrome-stained slides (Presnell and Schreibman 1997) were mounted using Cytoseal 60.
Microscopy and tissue analysis
Sectioned tissues were analyzed to determine the nature and extent of the cellular contribution of cranial neural crest to adult cranial cartilages. Each section of every skull was examined with fluorescence microscopy (Leica model DMRE equipped with B-filter; Leica, Bannockburn, IL, USA) and the presence or absence of positive GFP labeling was recorded for each cartilage. Several steps were taken to control for false positives: (1) staining was examined in the same cartilage on the contralateral (left) side of the skull, which had not received a labeled graft; (2) staining was compared to the same structure on the adjacent slide processed for immunohistochemistry but without secondary antibody (the only background fluorescence detected as a function of the staining protocol was attributable to the secondary antibody); and (3) the comparable region on the slide-set processed with TriChrome stain was examined to ensure that the positive GFP label was located within cartilage matrix. Confirmed instances of positive labeling within cranial cartilages are listed in Table 1 .
There was relatively little variation in the pattern of cartilage labeling among specimens of a given graft type. We interpret this variation to reflect slight but inevitable differences in the size of labeled (donor) explants and in the exact location of grafts in unlabeled (host) embryos. Each of these features may affect the subsequent migration of both labeled and unlabeled neural-crest cells. Variation in labeling pattern, when present, is reported below (Results).
Acquisition of images
Fluorescent images were compiled using the merge function in Openlab (Improvision; Boston, MA, USA). Each time a positive label was detected within the cartilaginous matrix, a black-and-white Nomarksi image was captured, along with a pseudoGreen-colored fluorescent image of the same section of cartilage. Each pair of images was then merged in Openlab. Figures below present images of the experimentally grafted side opposite those of the control, ungrafted side.
Anatomical terminology
Anatomical terminology follows that used for X. laevis by Trueb and Hanken (1992) . This terminology is consistent with the online anatomical lexicon being developed for Recent amphibians, Amphibian Anatomical Ontology (www.amphibanat.org), which, with few exceptions, embraces standard terminology used previously for other species of anurans (e.g., Jurgens 1971; Reiss 1998).
Results
Contributions from mandibular-stream neural crest to adult cranial cartilages GFP-expressing chondrocytes derived from labeled grafts of mandibular-stream neural crest were observed in five adult cranial cartilages (Table 1 ; Fig. 1 ). The mandibular stream was the exclusive source of labeled cells for two of these cartilages, the palatoquadrate rostrally and tympanic annulus caudally, whereas the remaining three cartilagesseptum nasi, planum antorbitale, and Meckel's-each received additional contributions from the hyoid stream (see below).
All regions of the extensive palatoquadrate cartilage were labeled in one specimen or another, including the posterior maxillary process, pterygoid process, remnants of the larval ventrolateral process, and cartilage cells adjacent to the ossified pars articularis of the quadrate bone (Fig. 2) .
All grafts of mandibular-stream neural crest labeled Meckel's cartilage, and contributions from these cells were noted along the element's entire length in one specimen or another (Fig. 3B , D, and F). Labeling frequently presented a pattern in which clusters of labeled cells alternated with similarly sized clusters of unlabeled cells along the anteroposterior axis, especially in the intermediate, elongated portion of the element (Fig. 3D ). This pattern suggests that the cartilaginous lower jaw of the larva elongates through a process of clonal expansion of crest-derived chondrogenic cells, perhaps triggered by the onset of metamorphosis. As noted below, a small contribution from hyoid-stream-derived cells to the articular region of Meckel's cartilage was seen in one specimen (Fig. 3H) .
Contributions to the tympanic annulus in the external ear are described below.
Contributions from hyoid-stream neural crest to adult cranial cartilages GFP-expressing chondrocytes derived from labeled grafts of hyoid-stream neural crest were observed in nine anterior cartilages (Table 1; Figs. 1, 3-6): Meckel's cartilage (articular region only), planum antorbitale, septum nasi (especially ventrally, and in the median prenasal process anteriorly), tectum nasi, solum nasi (medial portion only), alary cartilage (medial and lateral aspects), inferior prenasal cartilage, oblique cartilage, and planum terminale. Hyoidstream contributions were also observed in two middle-ear cartilages in the posterior portion of the skull, the pars externa plectri and pars media plectri (see below). For most of the above cartilages hyoid-stream labeling was present throughout each element, but in four cases certain regions of a given cartilage Table 1 . Outline drawing of skull modified from Trueb and Hanken (1992) . Cartilages are shaded; bones are unshaded (white). Scale bar, 2 mm. Alary cart, alary cartilage; Exoc, exoccipital bone; Inf pre cart, inferior prenasal cartilage; Med pren proc, median prenasal process (of septum nasi); Obl cart, oblique cartilage; P ext pl, pars externa plectri; P int pl, pars interna plectri; Post max proc, posterior maxillary process; P med pl, pars media plectri; Pl antorb, planum antorbitale; Pl term, planum terminale; Pro, prootic bone; Pter, pterygoid process; Quad, pars articularis of the quadrate bone; Sept nasi, septum nasi; Sol nasi, septum nasi; Tect nasi, tectum nasi; Tymp ann, tympanic annulus; VL proc, ventrolateral process. consistently lacked GFP-expressing cells. Three of these are the septum nasi, planum antorbitale, and Meckel's cartilage, all of which receive additional contributions from the mandibular stream (see below). Indeed, a hyoid-stream contribution to Meckel's cartilage was noted in just a single specimen that had a tiny cluster of GFP-expressing cells at the most posterior (articular) portion of the lower jaw. The hyoid-stream contribution to the solum nasi, however, was consistently restricted to its medial portion (Fig. 4I) . We obtained no evidence of additional cellular contributions to the lateral portion of this cartilage from the hyoid or any other cranial neural-crest migratory stream.
Composite origin of cranial cartilages from both mandibular and hyoid streams Three cranial cartilages have a composite neural-crest origin, insofar as each receives contributions from both the mandibular and the hyoid streams. Hyoidstream-derived cells predominate in the septum nasi, especially ventrally and in the median prenasal process anteriorly, where mandibular-stream-derived cells were never observed (Fig. 5A) . Dorsally, the septum nasi similarly receives its largest contribution from the hyoid stream, although a second, smaller contribution from the mandibular stream is evident in several specimens caudal to the median prenasal process (Fig. 6A and B) .
The planum antorbitale comprises similar-sized territories derived from mandibular and hyoid neural-crest streams along its entire proximodistal extent ( Fig. 6D and F) . We did not observe an anterior versus posterior bias in either cell population within this cartilage. Instead, cells from both streams appear to populate the same regions. We have observed, however, differences in the anterior/ posterior distribution of cells derived from the mandibular and hyoid streams in the adjacent frontoparietal bone which, when fully formed, extends much further anteriorly and posteriorly (Gross and Hanken 2005) .
The tiny contribution of the hyoid stream to the posterior region of Meckel's cartilage observed in a single specimen is described above (Fig. 3H) .
Contributions from branchial-stream neural crest to adult cranial cartilages Contribution of branchial-stream neural crest to adult cranial cartilages is modest in comparison to the much more extensive contributions from mandibular and hyoid streams. GFP-expressing chondrocytes were confined to three paired structures (Table 1) : the pars interna plectri of the middle ear (see below), and anterior and posterior regions of the Fig. 2 . Fluorescently labeled cartilage cells were only observed on the right side in each specimen. Scale, 1 mm. Fig. 4 Contributions of hyoid-stream neural crest to adult cranial cartilages. GFP-labeled cells are present in the median prenasal process (of the septum nasi) and, more posteriorly, the tectum nasi (A; Med pren proc and Tect nasi, respectively); the medial and lateral alary cartilages (C, E; M alary and L alary, respectively); the inferior prenasal cartilage (G; Inf pre cart); and the solum nasi (I; Sol nasi). (A-I) frontal sections, anterior at top; B-I are paired as in Fig. 2 . Fluorescently labeled cartilage cells were only observed on the right side in each specimen. However, the lateral region of the solum nasi on the grafted side was never populated by labeled neural crest from any cranial stream (I; dashed line). Scale bar, 1 mm. otic capsule (Fig. 7) . Labeled cells within the otic capsules were patchily distributed and associated with the incompletely ossified prootic and exoccipital bones.
Neural-crest contributions to cartilages of the external ear and middle ear A complex of five small cartilages contributes to the otic apparatus (external and middle ear) in many adult frogs, including X. laevis: tympanic annulus, pars externa plectri (also known as the extrastapes), pars media plectri (stapes proper), pars interna plectri (stapedial footplate) and operculum (Trueb and Hanken 1992; Mason and Narins 2002) . All five cartilages are absent in larvae and begin to form at metamorphosis; four-all but the operculum-were present in our oldest experimental specimens, which were sacrificed $1 month after completion of metamorphosis. Most of these cartilages ossify in the fullgrown adult, although ossification had not yet begun in our specimens.
Each of the four cartilages present in our specimens receives contributions from a single migratory stream of cranial neural crest. In each instance, graft-derived cells contribute to only a portion of each cartilage, and labeled and unlabeled portions were consistent among specimens. GFP-expressing cells from the mandibular stream populated the tympanic annulus, a thin, ring-like cartilage that surrounds and supports the tympanum, or eardrum (Fig. 8B) . Labeled cells from the hyoid stream populated the pars externa plectri and pars media plectri ( Fig. 8D and F) . The former element articulates with the inside of the tympanic membrane distally and with the pars media plectri proximally. The pars interna plectri, the innermost member of this complex, which conveys vibrations to the oval window of the inner ear, contained cells derived from the branchial stream (Fig. 8H) . We obtained no data regarding the derivation of the operculum.
Discussion
Neural-crest derivation of adult cranial cartilages in anuran amphibians
Metamorphic frogs, including the well-studied model, X. laevis, have a biphasic life history in which development from single-celled zygote to Fig. 8 Complex derivation of otic (external-and middle-ear) cartilages. GFP-labeled cells derived from the mandibular neural-crest stream are patchily distributed in the cartilaginous tympanic annulus (B; Tymp ann), whereas hyoid-stream-derived cells contribute to the pars externa plectri and pars media plectri (D, F; P ext pl and P med pl, respectively). Only neural-crest cells derived from the branchial stream contribute to the pars interna plectri (H; P int pl). Frontal sections; images paired as in Fig. 2 . Fluorescently labeled cartilage cells were only observed on the right side in each specimen. Scale bar, 1 mm.
sexually mature adult includes a protracted, freeliving larval stage (Etkin and Gilbert 1968) . Numerous biochemical and morphological changes occur rapidly during metamorphosis, including regression of much of the larval intestine (Nakajima et al. 2005) , degeneration of the internal gills and the tail (Tata 1994) , and extensive remodeling of the jaw musculature (Haas 2001) . Among the most dramatic changes, however, is metamorphosis of the exclusively cartilaginous larval cranium into the compact, bony skull of the adult (Trueb and Hanken 1992) . Most larval cartilages are not retained in the adult; many are resorbed, whereas others are replaced by bone, which in metamorphic frogs is an exclusively postembryonic tissue (Hanken and Hall 1984) . Simultaneously, several adult-specific cartilages form de novo. Most of the cartilaginous nasal capsule of the adult, for example, forms at metamorphosis dorsal to the larval skeleton of the ethmoid region; only a single adult component-the solum nasi-is partially retained from the larval skeleton (Pugener and Maglia 2007) . In the absence of a reliable cell marker suitable for identifying long-term derivatives of cranial neural crest and other potential embryonic precursors, it has been impossible until very recently to trace the embryonic origin of adult-specific cartilages and bones in the anuran skull Hanken 2004, 2008) .
We earlier reported a novel transgenic line of X. laevis with widespread expression of GFP under the murine ROSA26 promoter and identified its suitability as a method for long-term labeling of cells in chimeric grafting studies (Gross et al. 2006) . We have utilized this method here to assess the pattern of embryonic cranial neural-crest contributions to adult cranial cartilages within the skull proper (Fig. 1) . We have not examined the derivation of the adult hyobranchial skeleton, which will be the subject of a future study. Most cranial cartilages in adult Xenopus are derived from mandibularstream or hyoid-stream neural crest, either individually or in combination; branchial-stream neural crest makes a modest contribution to the adult skull. Hyoid-stream derivatives are especially prominent anteriorly, with additional derivatives posteriorly in the middle ear and in the articular region of the lower jaw. Mandibular-stream derivatives within the skull proper are deployed in an intermediate position, essentially between anterior and posterior derivatives of the hyoid stream, although Meckel's cartilage in the lower jaw is derived nearly entirely from mandibular-stream neural crest. Derivatives of the branchial stream are restricted to two sites in the posterior skull: the middle ear, and cartilaginous remnants of the larval otic capsule.
Four individual cartilages are composite elements insofar as they are derived from at least two distinct populations of cells. Three of these cartilages (solum nasi, planum antorbitale, Meckel's) appear to be derived entirely from neural crest but each receives contributions from two different migratory streams, mandibular and hyoid. For the fourth cartilage (solum nasi), there is evidence of neural-crest derivation to only its medial portion; labeled cells never populated its lateral portion, whose embryonic origin remains unresolved. Additional studies that evaluate directly the contributions of cranial mesodermal and endodermal cells are needed to determine the complete embryonic origin of this element and to document any additional contributions of these cells to the skulls of adult anurans.
Several features of the above pattern in Xenopus are unexpected, based on reports of derivation of cranial tissues from the neural crest in other vertebrates (Gross and Hanken 2008) . In particular, they differ significantly from data reported for the domestic chicken, the only other vertebrate species that has been examined in comparable detail (Le Lièvre 1978; Noden 1978 Noden , 1984 Couly et al. 1993) . For example, the complex of nasal and other rostral cartilages, which constitute the anteriormost region of the skull in adult frogs, is derived exclusively from cells of the hyoid migratory crest stream and not from the mandibular stream, which is the primary embryonic source of the rostral skull in chickens. The posterior boundary of neural-crestderived cartilages within the adult skull also extends much further posteriorly in Xenopus to include cartilaginous remnants of the larval otic capsule within both the prootic and exoccipital bones. The exoccipital bone is reported to be a mesodermal derivative in chickens (reviewed by Gross and Hanken 2008) .
Embryonic derivation of the middle ear and external ear
There is a large literature that extends back well over a hundred years regarding the developmental origin of the cartilages of the middle-and external-ear in living amphibians (reviewed by Barry 1956; Sedra and Michael 1959; van der Westhuizen 1961; Swanepoel 1970) . The origin of the stapes (columella), in particular, and the pharyngeal arch with which it is most closely associated, has been ''an old and vexing problem,'' and as recently as 1963, Toerien (1963, p. 468-469) stated: ''The ontogenetic evidence is uncertain and . . . interpretations based on the study of developmental series of numerous amphibians are widely divergent.'' Today, the prevailing view regards the stapes (including the pars interna plectri, pars media plectri, and pars externa plectri) of the middle ear as a second (hyoid)-arch component and the tympanic annulus of the external ear as a first (mandibular)-arch component, although numerous alternative hypotheses have been offered at one time or another (Swanepoel 1970) .
Most previous studies attempted to trace the origin of middle-and external-ear cartilages from skeletal elements of the mandibular arch or hyoid arch that are present in the aquatic larvae of metamorphosing species. Their principal goal was to establish homologies both among otic elements found in the three orders of Recent amphibiansfrogs, salamanders, and caecilians-and from these elements to comparable structures in fishes and archaic amphibians as a means of understanding the evolution of tetrapod vertebrates (Hetherington 1987) . Nearly all of these studies, however, were conducted before the general acceptance or even widespread recognition of the predominant contribution of the embryonic neural crest to the vertebrate skull (Hall and Hanken 1985) and before the advent of reliable experimental methods that enable the embryonic derivation of otic cartilages and other adult-specific features to be traced reliably (Gross and Hanken 2004) . Consequently, few purport to directly trace any of the otic elements to their embryonic precursors, as we have done in this study (e.g., Toerien 1963) .
Our results substantiate in large part, but not completely, the prevailing view regarding the pharyngeal-arch ''identity'' of the four otic cartilages we consider. The tympanic annulus is derived from mandibular-stream neural crest, as would be expected for a mandibular-arch component. Likewise, the pars externa plectri and pars media plectri, two hyoid-arch components, are derived from hyoidstream neural crest. Branchial-stream derivation of the pars interna plectri, however, is not expected for a hyoid-arch component. Instead, it reveals the composite embryonic derivation of the stapes, which receives contributions from two adjacent neural-crest streams and not just from the stream that is principally associated with structures of the hyoid arch. Interestingly, the developmental origin of the anuran stapes from the first branchial arch, which is populated by neural crest from the branchial stream, was suggested more than 75 years ago by Violette (1930) based on the location of cartilage differentiation vis-à-vis cranial nerve ganglia and other soft tissues. This claim was soon discounted by de Beer, who remarked: ''it cannot be accepted' ' (1937, p. 203) . In most anurans, all three parts of the stapes form from a single cartilage condensation, but in a few species, including X. laevis, the pars externa plectri forms a second condensation that is distinct from the one that gives rise to the pars interna plectri and pars media plectri (Barry 1956; Hetherington 1987) . Comparable fate-mapping studies of other species are needed to determine if the composite embryonic origin of the stapes that we report here is related in any way to its formation from distinct chondrogenic foci or to the differential sensitivity of parts of the stapes to experimental perturbation (Luther 1925 , discussed in deBeer 1937 Barry 1956 ). Similarly, it will be very interesting to extend our approach to the origin of the operculum, an additional and prominent middle-ear cartilage, which forms differently in different anuran species Michael 1957, 1959; Hetherington 1987) .
Our results generally agree with those from studies of development of the otic region in the domestic chicken (Noden 1982 (Noden , 1983 (Noden , 1987 (Noden , 1988 Couly et al. 1993; Köntges and Lumsden 1996) . These comparisons are complicated, however, because the avian studies are not in complete agreement regarding the extent of neural-crest contribution to all individual elements (Gross and Hanken 2008) . Studies in chickens also document a complementary contribution of cranial and paraxial mesoderm to middle-ear cartilages, which is not evaluated in the present study.
Segmentation of the anuran skull
There is no single system of segmentation in the skull of metamorphosing anurans. Instead, there are as many as three overlapping or adjacent systems present at any one time, which may involve cartilage and/or bone. Moreover, this complex structural pattern differs dramatically between free-living larvae and adults, and the adult pattern differs in important respects from that reported for other vertebrates.
There are at least two, and likely three, systems of segmentation in the larval skull (Sadaghiani and Thiébaud 1987; Olsson and Hanken 1996) . The first corresponds to the fundamental anatomical segmentation of viscerocranial cartilages, i.e., cartilages that form in association with the pharyngeal arches (Fig. 9, right) . Beginning rostrally, these cartilages are allied with the first (mandibular) pharyngeal arch, the second (hyoid) arch, and arches three through six; the latter cartilages together constitute the branchial basket, which supports the internal gills. For the most part, these segments are deployed sequentially from anterior to posterior with little overlap among adjacent segments. The principal exception to this arrangement is the large palatoquadrate cartilage, a first-arch component that extends longitudinally from its anterior articulation with the lower jaw (Meckel's cartilage) to its posterior attachment to the otic capsule.
The second system of cranial segmentation in larval anurans reflects the pattern of neural-crest derivation of the above cartilages and of most cartilages associated with the adjacent neurocranium. Cranial neural crest emerges from the neural tube via three, paired migratory streams, which contribute to most cranial cartilages and nearly all those associated with the pharyngeal arches (Sadaghiani and Thiébaud 1987; Moury and Hanken 1995; Olsson et al. 2002) . Indeed, the only arch-associated cartilages that lack a neural-crest derivation are the basihyal and basibranchial, two small elements in the ventral midline (Fig. 9; Stone 1929; Olsson and Hanken 1996) . The mandibular stream populates the first arch and contributes to cartilages associated with it and to the rostral neurocranium (Fig. 9, red) . Similarly, the hyoid stream populates the second arch and contributes to cartilages associated with it and the adjacent neurocranium (Fig. 9, yellow) . Finally, the branchial migratory stream populates pharyngeal arches 3-6 and contributes to all cartilages of the branchial basket (Fig. 9, blue) .
The third system of segmentation comprises occipital and otic cartilages at the caudal end of the skull for which there is no evidence of neuralcrest derivation and which presumably are derived from segmented paraxial mesoderm (somites; Fig. 9 , gray). The number and identity of such ''occipital somites '' (O'Rahilly and Muller 1984) that contribute to the posterior skull in different vertebrates, including several species of anurans, is discussed extensively in the classical literature (reviewed by de Beer 1937; see also Smit 1953) , and there are a few recent studies that map embryonic origin to specific cell populations using experimental labeling methods. One such fate-mapping study in the larval axolotl, Ambystoma mexicanum, documented contributions from occipital somites two and three to cartilage in the cranial and caudal regions of the occipital arch, respectively, as well as to the adjacent atlas vertebra (somite three only; Piekarski and Olsson 2007) . Earlier, Toerien (1963) documented a contribution of ''axial skeleton'' to the medial wall of the otic capsule in a closely related species of salamander, Ambystoma maculatum. There are no comparable experimental studies for frogs, but the lack of neuralcrest contribution to the otic capsules and adjacent neurocranial cartilages suggests that a similar Fig. 9 Neural-crest-associated segmentation of the skull and hyobranchial skeleton in larval frogs. The exclusively cartilaginous skull of the Oriental fire-bellied toad, Bombina orientalis, Gosner (1960) stage 36, is depicted in dorsal (left) and ventral views. Cartilages are colored according to the three cranial neural-crest migratory streams from which they are derived; non-crestderived cartilages are shaded gray. The anterior is located at the top. BB, basibranchial; BH, basihyal; CB, ceratobranchials I-IV; CH, ceratohyal; CT, cornu trabecula; IR, infrarostral; MC, Meckel's cartilage; OC, otic capsule; PQ, palatoquadrate; SR, suprarostral; TP, trabecular plate. Reproduced with permission from Olsson and Hanken (1996) . derivation of the posterior skull from occipital somites exists in anurans as well. Smit (1953) reviews the histological evidence for segmentation of the posterior (''metotic'') region of the skull in amphibians and reports original data for X. laevis. The possible mesodermal derivation of basihyal and basibranchial cartilages, the sole elements of the larval hyobranchial skeleton that show no evidence of a neural-crest origin, also remains to be assessed experimentally.
The first two segmental systems discussed above overlap extensively. Indeed, both systems define the same mandibular and hyoid segments in the anterior viscerocranium. Intersegmental boundaries of the two systems, however, are not always concordant. Posteriorly, the single ''segment'' defined by the branchial-neural-crest migratory stream includes cartilages associated with all four posterior pharyngeal arches. A second prominent difference between these two systems concerns the cartilaginous neurocranium. Because the neurocranium lacks any overt physical segmentation, such as that characteristic of the viscerocranium, it is not included within the first, anatomically based system. However, because much of the neurocranium is derived from the neural crest and maintains explicit, albeit cryptic boundaries between territories derived from adjacent migratory streams, it is included in the second, developmentally based system. The paucity of empirical fate-mapping data regarding the contribution of somites to the posterior skull makes it impossible to define the extent of overlap between this presumed (third) system of segmentation and the other two. However, given the small number of cranial bones and cartilages of ''mixed'' origin (viz., neural crest and mesoderm) documented to date in other vertebrate models (Le Lièvre 1978; Noden 1978 , Couly et al. 1993 Matsuoka et al. 2005) , we expect that the amount of overlap is small, and that somitederived components are confined largely, if not exclusively, to the caudal region of the skulls of larval anurans.
The above, relatively simple arrangement of segmental systems in the larva is modified considerably in the skulls of adults. Most obvious is the distortion of the simple rostrocaudal order of the two most cranial segments, at least in the skull proper. Instead of mandibular-stream-derived cartilages predominating rostrally, followed by hyoidstream-derived cartilages, their relative positions are reversed to a considerable extent. Thus, the most rostral cartilages in the adult neurocranium are derived from the hyoid neural-crest stream and not from the mandibular stream, as would be expected from the larval configuration (Fig. 1A and B) . These are then followed posteriorly by mandibularstream-derived cartilages, and then by additional hyoid-stream derivatives in the middle ear. Branchial-stream-derived cartilages, which predominate in the larval skull, are virtually absent except for a single element, the pars interna plectri in the middle ear. As expected from the distribution of neuralcrest-derived segments in the larva, this element lies caudal to cartilages derived from the mandibular and hyoid streams in the skull proper. In the lower jaw, the remnant Meckel's cartilage is derived exclusively from mandibular-stream neural crest except at its posterior tip, which receives a modest additional contribution from the hyoid stream. While the lower jaw is regarded traditionally as a first-arch element derived solely from the mandibular stream of neural crest, a similar contribution of hyoid-stream neural crest to the articular region (retroarticular process) has been reported in the domestic chicken, in which neural crest also is the source of connective tissues of jaw-opening muscles that attach there (Le Lièvre 1974; Köntges and Lumsden 1996) . Thus, composite embryonic derivation of the lower jaw and associated musculature from two adjacent neural-crest streams may be a more widespread feature of vertebrate craniofacial development than previously appreciated (see also Matsuoka et al. 2005) .
Life history and cranial evolution
The pattern of segmentation of cranial cartilages in adult anurans, described above, differs in important respects from that reported for other vertebrates. Most striking is the rostral ''inversion'' of neuralcrest-derived cartilages in Xenopus, such that mandibular-stream-derived elements are deployed caudal to those derived from the hyoid stream. This arrangement is both unexpected and unprecedented. It reveals a degree of variation in neural-crest derivation of cranial skeletal tissues among species that has been unrecognized previously and therefore challenges the widely held assumption regarding the evolutionary conservatism of patterns of embryonic origin of tissues across vertebrate taxa (Helms et al. 2005) . Comparable studies of additional species are needed to establish if our results are unique to Xenopus, or if they are typical of frogs or even of amphibians in general. We suggest, however, that the novel pattern of rostral segmentation may be a consequence of the complex, biphasic life history that is characteristic of most species of living amphibians, and especially of anurans, in which cranial architecture is significantly reconfigured at metamorphosis.
The extent of metamorphic remodeling is especially profound in anurans, in which much of the rostral region of the larval head is first resorbed and then ''repopulated'' with adult-specific tissues. This includes, for example, the larval upper jaw and its neurocranial support (paired suprarostral cartilages and cornua trabeculae; Fig. 9 , SR and CT, respectively). These elements are entirely resorbed at metamorphosis and succeeded by a different complex of cartilages and bones, which form de novo at that time. These latter elements constitute the adult upper jaw and associated rostral skull. We suggest that in the evolution of this concentrated and extensive burst of postembryonic morphogenesis, the source population of ''quiescent'' mesenchymal cells that forms the rostral-most elements of the skull switched from mandibular-stream to hyoidstream neural crest, perhaps as a consequence of the dramatic positional changes inherent to cranial metamorphosis.
Additional studies are required to test this hypothesis. Especially desirable are fine-scale mapping studies that track the migration and differentiation of crest-derived cells throughout metamorphosis to determine when and how skeletogenic cells achieve their final, adult configuration.
